Abstract Differences in diet appear to contribute substantially to the burden of disease in populations, and therefore changes in diet could lead to major improvements in public health. This is predicated on the reliable identification of causal effects of nutrition on health, and unfortunately nutritional epidemiology has deficiencies in terms of identifying these. This is reflected in the many cases where observational studies have suggested that a nutritional factor is protective against disease, and randomized controlled trials have failed to verify this. The use of genetic variants as proxy measures of nutritional exposure-an application of the Mendelian randomization principle-can contribute to strengthening causal inference in this field. Genetic variants are not subject to bias due to reverse causation (disease processes influencing exposure, rather than vice versa) or recall bias, and if obvious precautions are applied are not influenced by confounding or attenuation by errors. This is illustrated in the case of epidemiological studies of alcohol intake and various health outcomes, through the use of genetic variants related to alcohol metabolism (in ALDH2 and ADH1B). Examples from other areas of nutritional epidemiology and of the informative nature of gene-environment interactions interpreted within the Mendelian randomization framework are presented, and the potential limitations of the approach addressed.
Introduction
A range of classical epidemiological studies-including migration studies and the analysis of secular trends and ecological differences in disease rates-demonstrate that for most common complex diseases environmentally modifiable risk factors account for much of the burden of disease. Twin studies-that by definition exclude time trends and geographical differences in disease risk and thus provide lower (and often substantially lower) estimates of the modifiable aspects of disease risk than apply in practice-support this contention [1] . Identifying modifiable causes of disease, which can be then manipulated to improve individual and public health, is thus a key task for epidemiology. In this paper, I will argue that, paradoxically, incorporating germline genetic variants-which are essentially fixed-into epidemiological studies can strengthen evidence regarding the undeniably major role of modifiable risk processes in determining population health.
There are, however, important limitations to the ability of observational studies to reliably identify causes of disease, which have been particularly evident in the nutrition field. Consider the following two examples, from many that could be presented. Several observational studies suggested that the use of vitamin E supplements was associated with a reduced risk of coronary heart disease, two of the most influential coming from the Health Professionals Follow-Up Study [2] and the Nurses' Health Study [3] , both published in the New England Journal of Medicine in 1993. Findings from one of these studies are presented in Fig. 1 , where it can be seen that even short-term use of vitamin E supplements was associated with reduced coronary heart disease risk (CHD), which persisted after adjustment for confounding factors. Nearly half of US adults are taking either vitamin E supplements or multivitamin/multimineral supplements that generally contain vitamin E [4] , and data from the three available time points suggest there has been a particular increase in vitamin E use following 1993 [5] , possibly consequent upon the publication of the two observational studies mentioned above, which have received over 3,000 citations between them since publication. The apparently strong observational evidence with respect to vitamin E and reduced CHD risk, which may have influenced the very high current use of vitamin E supplements in developed countries, was unfortunately not realised in randomized controlled trials (Fig. 2) , in which no benefit from vitamin E supplementation use is seen. In this example, it is important to note that the observational studies and the randomized controlled trials were testing precisely the same exposure-short-term vitamin E supplement use-and yet yielded very different findings with respect to the apparent influence on risk.
A similar scenario has been played out in regard to vitamin C. In 2001, the Lancet published an observational study demonstrating an inverse association between circulating vitamin C levels and incident coronary heart disease [6] . The left-hand side of Fig. 3 summarises these data, presenting the relative risk for 15.7 lmol/l higher plasma vitamin C level, assuming a log-linear association. As can be seen, adjustment for confounders had little impact on this association. However, a large-scale randomized controlled trial, the Heart Protection Study, examined the effect of a supplement that increased average plasma vitamin C levels by 15.7 lmol/l. In this study, randomization to the supplement was associated with no decrement in coronary heart disease risk [7] .
What underlies the discrepancy between these findings? One possibility is that there is considerable confounding between vitamin C levels and other exposures that could increase the risk of coronary heart disease. In the British Women's Heart and Health study (BWHHS), for example, women with higher plasma vitamin C levels were less likely to be in a manual social class, have no car access, be a smoker or be obese and more likely to exercise, be on a low-fat diet, have a daily alcoholic drink, and be tall [8] . Furthermore for these women in their 60s and 70s those with higher plasma vitamin C levels were less likely to have come from a home many decades ago in which the head of household was in a manual job, or had no bathroom or hot water, or within which they had to share a bedroom. They were also less likely to have limited educational attainment. In short, a substantial amount of confounding by factors from across the life course that predict elevated risk of coronary heart disease was seen.
In the BWHHS, 15.7 mmol/l higher plasma vitamin C level was associated with a relative risk of incident Vitamin E supplement use and risk of CHD in two observational studies [2, 3] and in a meta-analysis of RCTs [109] Relative risk Fig. 3 Estimates of the effects of an increase of 15.7 lmol/l plasma vitamin C on CHD 5-year mortality estimated from the observational epidemiological EPIC [6] and the randomised controlled Heart Protection Study [7] (EPIC m men, age-adjusted; EPIC m* men, adjusted for systolic blood pressure, cholesterol, BMI, smoking, diabetes and vitamin supplement use; EPIC f women, age-adjusted; EPIC f* women, adjusted for systolic blood pressure, cholesterol, BMI, smoking, diabetes and vitamin supplement use) coronary heart disease of 0.88 (95% CI 0.80-0.97), in the same direction as the estimates seen in the observational study summarized in Fig. 3 . When adjusted for the same confounders as were adjusted for in the observational study reported in Fig. 3 , the estimate changed very little-to 0.90 (95% CI 0.82-0.99). When additional adjustment for confounders acting across the life course was made, considerable attenuation was seen, with a residual relative risk of 0.95 (95% CI 0.85-1.05) [9] . It is obvious that given inevitable amounts of measurement imprecision in the confounders, or a limited number of missing unmeasured confounders, the residual association is essentially null and close to the finding of the randomized controlled trial. Most studies have more limited information on potential confounders than is available in the BWHHS, and in other fields we may know less about the confounding factors we should measure. In these cases, inferences drawn from observational epidemiological studies may be seriously misleading. As the major and compelling rationale for doing these observational studies is to underpin public health prevention strategies, their repeated failures are a major concern for public health policy makers, researchers and funders. Whilst sophisticated methods of taking measurement error into account, including measurement error in confounders, have been introduced into nutritional epidemiology [10] [11] [12] , they cannot guarantee that observational study effects are reliable estimates of underlying causal effects [13, 14] .
Other processes in addition to confounding can generate robust, but non-causal, associations in observational studies. Reverse causation-where the disease influences the apparent exposure, rather than vice versa, may generate strong and replicable associations. For example, many studies have found that people with low circulating cholesterol levels are at increased risk of several cancers, including colon cancer. If causal, this is an important association as it might mean that efforts to lower cholesterol levels would increase the risk of cancer. However, it is possible that the early stages of cancer may, many years before diagnosis or death, lead to a lowering in cholesterol levels, rather than low cholesterol levels increasing the risk of cancer. Reverse causation can also occur through behavioural processes-for example, people with early stages and symptoms of cardiovascular disease may reduce their consumption of alcohol, which would generate a situation in which alcohol intake appears to protect against cardiovascular disease. A form of reverse causation can also occur through reporting bias, with the presence of disease influencing reporting disposition. In retrospective case-control studies, people with the disease under investigation may report on their prior exposure history in a different way than do controlsperhaps because the former will think harder about potential reasons to account for why they have developed the disease.
The problems of confounding and bias discussed above relate to the production of associations in observational studies that are not reliable indicators of the true direction of causal associations. A separate issue is that the strength of associations between causal risk factors and disease in observational studies will generally be underestimated due to random measurement imprecision in indexing the exposure. A century ago Charles Spearman demonstrated mathematically how such measurement imprecision would lead to what he termed the 'attenuation by errors' of associations [15, 16] . This has more latterly been renamed 'regression dilution bias'.
Observational studies in the nutritional epidemiology field can and do produce findings that either spuriously enhance or downgrade estimates of causal associations between modifiable exposures and disease. This has serious consequences for the appropriateness of interventions that aim to reduce disease risk in populations. It is for these reasons that alternative approaches-including those within the Mendelian randomization framework-need to be applied.
Background to Mendelian randomization
The basic principle utilized in the Mendelian randomization approach is that if genetic variants either alter the level of, or mirror the biological effects of, a modifiable environmental exposure that itself alters disease risk, then these genetic variants should be related to disease risk to the extent predicted by their influence on exposure to the risk factor. Common genetic polymorphisms that have a wellcharacterized biological function (or are markers for such variants) can therefore be utilized to study the effect of a suspected environmental exposure on disease risk [17] [18] [19] [20] [21] . The variants should not have an association with the disease outcome except through their link with the modifiable risk process of interest.
It may seem counter intuitive to study genetic variants as proxies for environmental exposures rather than measure the exposures themselves. However, there are several crucial advantages of utilizing functional genetic variants (or their markers) in this manner, which relate to the problems with observational studies outlined above. First, unlike environmental exposures, genetic variants are not generally associated with the wide range of behavioural, social and physiological factors that can confound associations. This means that if a genetic variant is used as a proxy for an environmentally modifiable exposure, it is unlikely to be confounded in the way that direct measures of the exposure will be. Further, aside from the effects of population structure [22] , such variants will not be associated with other genetic variants, except through linkage disequilibrium (the association of alleles located close together on a chromosome).
Second, inferences drawn from observational studies may be subject to bias due to reverse causation. Disease processes may influence exposure levels such as alcohol intake, or measures of intermediate phenotypes, such as cholesterol levels and C-reactive protein. However, germline genetic variants associated with average alcohol intake or circulating levels of intermediate phenotypes will not be influenced by the onset of disease. This will also be true with respect to reporting bias generated by knowledge of disease status in case-control studies, or of differential reporting bias in any study design.
Finally, a genetic variant will indicate long-term levels of exposure, and, if the variant is considered to be a proxy for such exposure, it will not suffer from the measurement error inherent in phenotypes that have high levels of variability. For example, differences between groups defined by cholesterol level-related genotype will, over a long period, reflect the cumulative differences in absolute cholesterol levels between the groups. For individuals, blood cholesterol is variable over time, and the use of single measures of cholesterol will underestimate the true strength of association between cholesterol and, for instance, coronary heart disease. Indeed, use of the Mendelian randomization approach predicts a strength of association that is in line with randomized controlled trial findings of effects of cholesterol lowering, when the increasing benefits seen over the relatively short trial period are projected to the expectation for differences over a lifetime [18] . A particular strength of Mendelian randomization approaches is that genetic variants generally proxy for long-term differences in exposure levels. For intermediate phenotypes (circulating cholesterol or C-reactive protein levels), genetic variants tend to be associated with differences of a similar order of magnitude throughout life. For some behavioural factors, such as alcohol intake, associations will only emerge at the stage of life when the behaviour is instigated.
In the Mendelian randomization framework, the associations of genotype with outcomes are of interest because of the strengthened inference they allow about the action of the environmental modifiable risk factors that the genotypes proxy for, rather than what they say about genetic mechanisms per se. Mendelian randomization studies are aimed at informing strategies to reduce disease risk through influencing the non-genetic component of modifiable risk processes.
The principle of Mendelian randomization relies on the basic (but approximate) laws of Mendelian genetics. If the probability that a postmeiotic germ cell that has received any particular allele at segregation contributes to a viable concepts is independent of environment (following from Mendel's first law), and if genetic variants sort independently (following from Mendel's second law), then at a population level these variants will not be associated with the confounding factors that generally distort conventional observational studies. Empirical evidence that there is lack of confounding of genetic variants with factors that confound exposures in conventional observational epidemiological studies comes from several sources. For example, consider the virtually identical allele frequencies in the British 1958 birth cohort and British blood donors [23] . Blood donors are clearly a very selected sample of the population, whereas the 1958 birth cohort comprised all births in 1 week in Britain with minimal selection bias. Blood donors and the general population sample would differ considerably with respect to the behavioural, socioeconomic and physiological risk factors that are often the confounding factors in observational epidemiological studies. However, they hardly differ in terms of allele frequencies. Similarly, we have demonstrated the lack of association between a range of SNPs of known phenotypic effects and nearly 100 socio-cultural, behavioural and biological risk factors for disease [24] .
Mendelian randomization and nutrition-related exposures
The principle of using genetic variation to proxy for a modifiable exposure was explicitly applied in observational studies from the 1960s, with a series of studies that utilized genetically-determined lactase persistence as an indicator of milk intake, and used this marker to inform evidence regarding the effect of consuming milk on several healthrelated outcomes [25] [26] [27] . The approach was hypothetically proposed for investigating whether low circulating cholesterol levels causally influenced cancer risk by Martijn Katan in 1986 [28] . The term Mendelian randomization was introduced by Richard Gray and Keith Wheatley in 1991 [29] , in the context of an innovative genetically informed observational approach to assess the effects of bone marrow transplantation in the treatment of childhood acute myeloid leukaemia. More recently, the term has been widely used in discussions of observational epidemiological studies [17, [30] [31] [32] [33] . Further discussion of the origins of this approach is given elsewhere [34] , and recent reviews have dealt explicitly with the application of Mendelian randomization within nutritional epidemiology [35, 36] .
There are several categories of inference that can be drawn from studies utilizing the Mendelian randomization approach. In the most direct forms, genetic variants can be related to the probability or level of exposure (''exposure propensity'') or to intermediate phenotypes believed to influence disease risk. Less direct evidence can come from genetic variant-disease associations that indicate that a particular biological pathway may be of importance, perhaps because the variants modify the effects of environmental exposures [17, 18, 21, 37, 38] . I illustrate some of these categories within investigations of the effects of alcohol on various health outcomes.
Alcohol intake and blood pressure
The consequences of alcohol drinking for health range from the well established (effects on liver cirrhosis and accidents) to the uncertain (coronary heart disease, depression and dementia). For example, the possible protective effect of moderate alcohol consumption on coronary heart disease (CHD) risk remains highly controversial [39] [40] [41] . Non-drinkers may be at a higher risk of CHD because health problems (perhaps induced by previous alcohol abuse) dissuade them from drinking [42] . In addition to this form of reverse causation, confounding could play a role, with non-drinkers being more likely to display an adverse profile of socioeconomic or other behavioural risk factors for CHD. Alternatively, alcohol may have a direct biological effect that lessens the risk of CHD-for example by increasing the levels of protective high-density lipoprotein (HDL) cholesterol [43] . It is, however, unlikely that an RCT of differential levels of alcohol intake, adequate to test whether there is a protective effect of alcohol on CHD events, will ever be carried out.
Alcohol is oxidized to acetaldehyde, which in turn is oxidized by aldehyde dehydrogenases (ALDHs) to acetate. Half of Japanese people are heterozygotes or homozygotes for a null variant of ALDH2, and peak blood acetaldehyde concentrations post alcohol challenge are 18 times and 5 times higher, respectively, among homozygous null variant and heterozygous individuals compared with homozygous wild-type individuals [44] . This renders the consumption of alcohol unpleasant through inducing facial flushing, palpitations, drowsiness and other symptoms, and there are very considerable differences in alcohol consumption according to genotype. The principles of Mendelian randomization are seen to apply-two factors that would be expected to be associated with alcohol consumption, age and cigarette smoking, which would confound conventional observational associations between alcohol and disease, are not related to genotype despite the strong association of genotype with alcohol consumption [45] .
It would be expected that ALDH2 genotype influences diseases known to be related to alcohol consumption and as proof of principle it has been shown that ALDH2 null variant homozygosity-associated with low alcohol consumption-is indeed related to a lower risk of liver cirrhosis [46] . Considerable evidence, including data from short-term randomized controlled trials, suggests that alcohol increases HDL cholesterol levels [47, 48] (which should protect against CHD). In line with this, ALDH2 genotype is strongly associated with HDL cholesterol in the expected direction [45] . With respect to blood pressure, observational evidence suggests that long-term alcohol intake produces an increased risk of hypertension and higher prevailing blood pressure levels. However the results from different studies vary and there is clearly a very large degree of potential confounding between alcohol and other exposures that would influence blood pressure. As in the case of vitamin E intake and coronary heart disease discussed earlier, we could be looking at a confounded rather than a causal association. Indeed evidence of controversy in this area is reflected by newspaper coverage of a recent study suggesting that moderate alcohol consumption has beneficial effects, even for hypertensive men [49] , with headlines like ''Moderate drinking may help men with high blood pressure''.
Evidence regarding the causal nature of the association of alcohol drinking with blood pressure can come from studies of ALDH2 genotype and blood pressure. A metaanalysis of such studies suggests there is indeed a substantial positive effect of alcohol on blood pressure [50] . As shown in Fig. 4 , alcohol consumption is strongly related to genotype among men, and despite higher levels of overall alcohol consumption in some studies compared with others the shape of the association remains similar. Among women, however, who drink very little compared to men, there is no evidence of association between drinking and genotype. Figure 5 demonstrates that men who are homozygous for the wild type have nearly two and half times the risk of hypertension than men who are homozygous for the null variant. Heterozygous men who drink an intermediate amount of alcohol have a more modest elevated risk of hypertension compared to men who are homozygous for the null variant. Thus, a dose-response Fig. 4 ALDH2 genotype by alcohol consumption, g/day: 5 studies, n = 6,815 [50] Genes Nutr (2011) 6:27- 43 31 association of hypertension and genotype is seen, in line with the dose-response association between genotype and alcohol intake. Among men homozygous for the null variant, who drink considerably less alcohol than those homozygous for the wild type, systolic and diastolic blood pressures are considerably lower. By contrast, among women, for whom genotype is unrelated to alcohol intake, there is no association between genotype and blood pressure. The differential genotype-blood pressure associations in men and women suggest that there is no other mechanism linking genotype and blood pressure than that relating to alcohol intake. If alternative pathways existed, both men and women would be expected to have the same genotype-blood pressure association. In this example, the interaction is between a genetic variant and gender. Gender indicates substantial differences in alcohol consumption, which lead to the genotype being strongly associated with alcohol consumption in one group (males), but not associated in the other group (females), because of very low levels of alcohol consumption, irrespective of genotype, among the latter group. The power of this interaction is that it indicates that it is the association with alcohol intake and not any other aspects of the function of the genotype that is influencing blood pressure. If it were due to a pleiotropic effect of the genetic variation then the association between genotype and blood pressure would be seen for women as well as men.
Alcohol and illegal substance use: testing the ''gateway hypothesis''
In many contexts, people who drink alcohol manifest higher rates of illegal substance use. This could reflect common social and environmental factors that increase uptake of several behaviours, or underlying genetic vulnerability factors. An alternative is the ''gateway hypothesis'' that postulates that alcohol use itself increases liability to initiate and maintain non-alcohol substance use [51] [52] [53] . The Mendelian randomization approach has been applied in a study of East Asian Americans, all born in Korea but living in the United States from infancy, among whom ALDH2 status was associated with alcohol use and alcohol use was associated with tobacco, marijuana, and other illegal drug use. ALDH2 variation was not robustly associated with non-alcohol substance use, however, which was taken to provide evidence against the ''gateway hypothesis'' [51] .
Maternal drinking, the intrauterine environment and offspring outcomes
The influence of high levels of alcohol intake by pregnant women on the health and development of their offspring is well recognized for very high levels of intake, in the form of foetal alcohol syndrome [54] . However, the influence outside of this extreme situation is less easy to assess, particularly as higher levels of alcohol intake will be related to a wide array of potential socio-cultural, behavioural and environmental confounding factors. Furthermore, there may be systematic bias in how mothers report alcohol intake during pregnancy, which could distort associations with health outcomes. Therefore, outside of the case of very high alcohol intake by mothers, it is difficult to establish a causal link between maternal alcohol intake and offspring developmental characteristics. Some studies have approached this in ways that can be Fig. 5 Forest plot of studies of ALDH2 genotype and hypertension [50] interpreted within the Mendelian randomization framework by investigating alcohol-metabolizing genotypes in mothers and offspring outcomes.
Studies have generally utilized a variant in the alcohol dehydrogenase gene (ADH1B*3 allele). Alcohol dehydrogenase metabolises alcohol to acetaldehyde and the ADH1B variant influences the rate of such metabolism. The ADH1B*3 variant has a reasonable prevalence among African Americans and is related to faster alcohol metabolism. This can be associated with a lower level of drinking, possibly because the faster metabolism leads to a more rapid spike in acetaldehyde, with its aversive effects. At a given level of drinking, faster metabolism will clear blood alcohol more rapidly, so less high levels will be reached and these will more quickly return to low levels. Both of these processes, if occurring in the mother, would protect the foetus from the effects of alcohol. Some studies have selected mothers who have a universally high level of alcohol consumption and among these mothers the alcoholmetabolizing genotypes will relate to alcohol levels that could have a toxic effect on the developing foetus, but not to their drinking, which is universally high. In this circumstance, the genotypic differences will mimic the differences in level of alcohol intake with regard to the foetal exposure to maternal circulating alcohol. Although sample sizes have been low and the analysis strategies not optimal, studies applying this approach provide some evidence to support the influence of maternal genotype, and thus of alcohol, on offspring outcomes [54] [55] [56] . Studies that have been able to analyse both maternal genotype and foetal genotype find that it is the maternal genotype that is related to offspring outcomes, as anticipated if the crucial exposure related to maternal alcohol intake and alcohol levels.
As in other examples of Mendelian randomization, these studies are of relevance because they provide evidence of the influence of maternal alcohol levels on offspring development, rather than because they highlight a particular maternal genotype that is of importance. In the absence of alcohol drinking, the maternal genotype would presumably have no influence on offspring outcomes. Studies utilizing maternal genotype as a proxy for environmentally modifiable influences on the intrauterine environment can be analysed in a variety of ways. First, the mothers of offspring with a particular outcome can be compared to a control group of mothers who have offspring without the outcome, in a conventional case-control design, but with the mother as the exposed individual (or control) rather than the offspring with the particular health outcome (or the control offspring). Fathers could serve as a control group when autosomal genetic variants are being studied. If the exposure is mediated by the mother, maternal genotype, rather than offspring genotype, will be the appropriate exposure indicator. Clearly, maternal and offspring genotype are associated, but conditional on each other, it should be the maternal genotype that shows the association with the health outcome among the offspring. Indeed, in theory it would be possible to simply compare genotype distributions of mother and offspring, with a higher prevalence among mothers providing evidence that maternal genotype, through an intrauterine pathway, is of importance. However, the statistical power of such an approach is low, and an external control group, whether fathers or women who have offspring without the health outcome, is generally preferable.
Other examples of Mendelian randomization in relation to nutritional exposures
With respect to exposure propensity Mendelian randomization can be applied to milk consumption (through use of genetic variants related to lactase persistence), although given the low strength of association of such genetic variation and milk consumption sample sizes need to be large [57] . Molecular genetic variation in taste receptors relates to different patterns of dietary intake, in particular with respect to bitter taste perception and cruciferous vegetable intake [58] ; however, differences in taste are likely to be related to a range of dietary differences and therefore do not serve as specific proxies for any particular component of diet.
There is considerably greater potential for the application of Mendelian randomization in testing the causal nature of the associations observed between nutritionally influenced intermediate phenotypes and disease outcomes. This can provide good evidence on the influence of nutritional factors on disease. For example, many studies demonstrate robust effects of differences in dietary fat intake on circulating cholesterol levels, and Mendelian randomization studies demonstrate that genetic variants associated with higher cholesterol levels are associated with higher risk of coronary heart disease [38] . This proofof-principle example confirms what has been demonstrated in randomized controlled trials of cholesterol lowering through the use of statins, that cholesterol levels are causally related to coronary heart disease risk. The implication is that various methods of modifying cholesterol levels, such as dietary changes, are likely to influence coronary heart disease risk, although of course there could be other influences of the dietary changes that counterbalance such an effect.
As indicated earlier, there is considerable interest in the possibility that circulating antioxidants may protect against various disease states, and therefore molecular genetic variants associated with different levels of circulating antioxidants can be utilized to determine if these associations are causal. For example a variant in the SLC23A1 gene, which codes for the Sodium Dependent Vitamin C Transporter protein 1 (SVCT1), is associated with a reasonably large difference in circulating vitamin C levels [59] . This can be utilized to test whether the apparent protective effects of higher circulating vitamin C levels against a variety of adverse health outcomes are causal. It would be expected that higher dietary intake of vitamin C-that results in higher circulating levels-would reduce the risk of these adverse health outcomes to the extent predicted by any causal associations identified using the Mendelian randomization approach. Similarly, molecular genetic variation related to circulating a-tocopherol [60] and carotenoids [61] can be utilized to elucidate the causal effects of these factors.
Another example of a nutritionally influenced intermediate phenotype is seen in studies of the association of high body mass index (BMI) and a variety of cardiovascular risk factors. A variant in the FTO gene is robustly associated with differences in BMI, and as shown in Fig. 6 FTO, variation predicts risk factor levels to the degree expected, given its effect on BMI and a causal association between BMI and these risk factors [62] . With considerably greater statistical power, the causal association of BMI on blood pressure level and hypertension has been demonstrated [63] and been shown to persist into old age, whilst the observational associations (perhaps due to a greater degree of confounding and disease-related weight loss) attenuate with age. A causal nature for the positive association between body mass index and bone mineral densitypossibly responsible for the protective effect of greater body mass index on fracture risk-has also been suggested utilizing this approach [64] .
Mendelian randomization and randomized controlled trials
RCTs are clearly the definitive means of obtaining evidence on the effects of modifying disease risk processes. There are similarities in the logical structure of RCTs and Mendelian randomization, relating to the unconfounded nature of exposures for which genetic variants serve as proxies (analogous to the unconfounded nature of a randomized intervention), the impossibility of reverse causation as an influence on exposure-outcome associations in both Mendelian randomization and RCT settings, and the importance of intention to treat analyses-i.e., analysis by group defined by genetic variant, irrespective of associations between the genetic variant and the exposure for which this is a proxy for any particular individual.
The analogy with RCTs is also useful with respect to one objection that has been raised in conjunction with Mendelian randomization studies. This is that the environmentally modifiable exposure for which genetic variants serve as proxies (such as alcohol intake) is influenced by many other factors in addition to the genetic variants [65] . This is of course true. However, consider an RCT of blood pressure-lowering medication. Blood pressure is mainly influenced by factors other than taking blood pressure lowering medication-obesity, alcohol intake, salt consumption and other dietary factors, smoking, exercise, physical fitness, genetic factors and early-life developmental influences are all of importance. However, the randomization that occurs in trials ensures that these factors are balanced between the groups that receive the blood pressure lowering medication and those that do not. Thus, the fact that many other factors are related to the modifiable exposure does not compromise the power of RCTs; neither does it diminish the strength of Mendelian randomization designs. A related objection is that the genetic variants often explain only a trivial proportion of the variance in the environmentally modifiable risk factor for which the genetic variants are surrogate variables [66] . Again, consider an RCT of blood pressure-lowering medication, where 50% of participants receive the medication and 50% received a placebo. If the antihypertensive therapy reduced blood pressure by a quarter of a standard deviation (i.e., a 5 mmHg reduction in systolic blood pressure, given systolic blood pressure has a standard deviation of 20 mmHg in the population) then within the Fig. 6 The observed effects of FTO variation on metabolic traits are as predicted by the associations of body mass index with the same metabolic traits [62] whole study group, treatment assignment (i.e., antihypertensive use vs. placebo) will explain 5/20 2 = 1.25% of the variance. In the example of ALDH2 variation and alcohol, the genetic variant explains about 2% of the variance in alcohol intake in the largest study available on this issue [45] . As can be seen, the quantitative association of genetic variants as instruments can be similar to that of randomized treatments with respect to biological processes that such treatments modify. Genetic variants are often as strong-if not stronger-predictors of unconfounded differences in exposures as are the randomized treatments in RCTs. The use of haplotypes or multiple independent genetic variants at different loci related to the exposure of interest can also be used to increase statistical power.
Mendelian randomization and instrumental variable approaches
In addition to the analogy with RCTs, Mendelian randomization can also be likened to instrumental variable approaches that have been heavily utilized in econometrics and social science, although rather less so in epidemiology. In an instrumental variable approach, the instrument is a variable that is only related to the outcome through its association with the modifiable exposure of interest. The instrument is not related to confounding factors nor is its assessment biased in a manner that would generate a spurious association with the outcome. Furthermore, the instrument will not be influenced by the development of the outcome (i.e., there will be no reverse causation). The development of instrumental variable methods within econometrics, in particular, has led to a sophisticated suite of statistical methods for estimating causal effects, and these have now been applied within Mendelian randomization studies [20, 63, 67] . The parallels between Mendelian randomization and instrumental variable approaches are discussed in more detail elsewhere [20, 68] . The instrumental variable method allows for the estimation of the causal effect size of the modifiable environmental exposure of interest and the outcome, together with estimates of the precision of the effect. Thus, in the example of alcohol intake (indexed by ALDH2 genotype) and blood pressure, it is possible to utilize the joint associations of ALDH2 genotype and alcohol intake and ALDH2 genotype and blood pressure to estimate the causal influence of alcohol intake on blood pressure. There are convenient rules of thumb, such as the rule that the first stage F test should be over 10 for an instrument to be of adequate strength, which can be adopted from the econometrics field, in which instrumental variables methods have been well developed [69] , and applied to the Mendelian randomization setting.
Gene-by-environment interactions interpreted within a Mendelian randomization framework
Mendelian randomization is one way in which genetic epidemiology can inform understanding about environmental determinants of disease. A more conventional approach to the joint study of genes and environment has been to study interactions between environmental exposures and genotype [70] [71] [72] . From epidemiological and Mendelian randomization perspectives, several issues arise with gene-environment interactions.
The most reliable findings in genetic association studies relate to the main effects of polymorphisms on disease risk [32] . The power to detect meaningful gene-environment interaction is low [73] , with the result being that there are a large number of reports of spurious gene-environment interactions in the medical literature [74] . The presence or absence of statistical interactions depends upon the scale (e.g., linear or logarithmic with respect to the exposuredisease outcome association) and the meaning of observed deviation from either an additive or multiplicative model is not clear. Furthermore, the biological implications of interactions (however defined) are generally uncertain [75] . Mendelian randomization is most powerful when studying modifiable exposures that are difficult to measure and/or considerably confounded, such as dietary factors. Given measurement error-particularly if this is differential with respect to other factors influencing disease risk-interactions are both difficult to detect and often misleading when, apparently, they are found [32] .
Given these caveats, gene-by-environment interactions can be informative with respect to both cause and mechanism of disease. This can be demonstrated with respect to the investigation of alcohol as a potential cause of head and neck and oesophageal cancer. For these cancers, alcohol intake appears to increase the risk, although some have questioned the importance of its role [76] .
A rare variant in the alcohol dehydrogenase 1B gene has been shown to be associated with lower levels of alcohol intake [77] , and this same variant provides substantial protection against the risk of head and neck cancer [78] . If this association was due to the influence of alcohol consumption, it would be expected that no genotypic effect would be seen within never drinkers, and this is indeed what is seen (Fig. 7,  top panel) . Thus, this qualitative gene-by-environment interaction-of an effect of genotype in alcohol consumers and no effect in never drinkers-supports the role of alcohol consumption in increasing the risk of head and neck cancer.
In relation to ALDH2 genotype, a meta-analysis of studies of its association with oesophageal cancer risk [79] found that people who are homozygous for the null variant, who therefore consume considerably less alcohol, have a greatly reduced risk of oesophageal cancer. The reduction in risk is close to that predicted from the size of effect of genotype on alcohol consumption and the dose-response association of alcohol and oesophageal cancer risk [80] . A similar picture is seen when head and neck cancer is the outcome [81] .
Thus, with respect to the homozygous null variant versus homozygous wild type, the situation is similar to that of our blood pressure example-the genotypic association provides evidence of the effect of alcohol consumption, through allowing comparison of a group of low drinkers to a group who drink considerable amounts of alcohol, with no confounding factors differing between these groups. With respect to both oesophageal and head and neck cancer, acetaldehyde (the metabolite that is increased in people carrying the null variant who do drink alcohol) is considered to be carcinogenic [82] . Thus, drinkers who carry the null variant have higher levels of acetaldehyde than those who do not carry the variant. As shown above, people who are homozygous for the null variant drink very little alcohol, but heterozygous individuals do drink. When the heterozygotes are compared with wild type homozygotes, an interesting picture emerges-the risk of oesophageal cancer is higher in the heterozygotes, although they drink less alcohol than the homozygotes. If alcohol itself acted directly as the immediate causal factor, cancer risk would be intermediate in the heterozygotes compared with the other two groups. Acetaldehyde is the more likely causal factor, as heterozygotes as a group drink some alcohol but metabolize it inefficiently, leading to accumulation of higher levels of acetaldehyde than would occur in homozygotes for the common variant, who metabolize alcohol efficiently, and homozygotes for the null variant, who drink insufficient alcohol to produce raised acetaldehyde levels. Examination of the difference in oesophageal cancer risk between ALDH2 heterozygotes and those homozygous for the wild type, stratified by drinking status, reveals that in non-drinkers there is no robust evidence of any association between genotype and oesophageal cancer outcomes, as would be expected if the underlying environmentally modifiable causal factor were alcohol intake and the mechanism was through acetaldehyde levels. In further support of the hypothesis, amongst people who were drinking alcohol there was increased risk amongst heterozygotes, who have higher acetaldehyde levels, and this was especially marked in heavy drinkers, who would have the greatest difference in acetaldehyde levels according to genotype (Fig. 8) . A similar analysis has been performed for head and neck cancer and again demonstrates no association of genotype and cancer risk in never drinkers and a graded association according to level of alcohol intake among alcohol drinkers [81] .
Identifying the causal element within complex dietary mixtures
Particular dietary intakes tend to correlate with each other, such that individuals with high fruit and vegetable consumption would be more likely to have low saturated fat intake, for example. Furthermore, different micronutrient intakes will show correlations, such that high vitamin C intake would be associated with higher on-average beta-carotene and vitamin E intake, for example. Separating out which specific aspects of the diet are causally related to disease is problematic in this context. For example, studies of neural tube defects (NTDs) demonstrate that mothers of offspring with NTDs were different with respect to many aspects of their dietary intake from control mothers [83, 84] . The mothers of cases have lower intakes of many vitamins, for example. In this situation, a test of folic acid metabolism-the FIGLU test [85] -pointed to folate as the crucial element [86] . With molecular genetic approaches, demonstration of Fig. 7 Risk of upper aerodigestive cancer by ADH1B genetic variation, stratified by drinking intensity and smoking status. Odds ratio (OR) of upper aerodigestive cancer by re1229984 (ADH1B). Rare allele (dominant model) carriers versus common allele homozygous genotype. ORs are standardised by age, sex, center, cumulative alcohol consumption and, when relevant, smoking. ORs and 95% CI are derived from fixed effects models. Source: Hashibe et al. [78] gene-by-environment interactions can help identify which particular dietary factor is related to disease risk. However, as demonstrated in Fig. 7 with regard to alcohol and cigarette smoking, the correlated nature of exposures will lead to interactions with relevant genotypes being seen both for the causative factor (which the genotype may well modify absorption or metabolism of) and the non-causal factor, but the interaction will be stronger for the casual factor. In this situation, identifying the strongest gene-by-environment interactions-in particular when the genotype is known to modify absorption or metabolism of one of the dietary factors under study-can help isolate the specific nutritional factor having a causal influence on the disease outcome.
Problems and limitations of Mendelian randomization
The Mendelian randomization approach provides useful evidence on the influence of modifiable exposures on health outcomes. However, there are several limitations to this approach, in particular relating to the need for large sample sizes and adequate statistical power. These have been discussed at considerable length elsewhere [17, 21, 35] and therefore the focus here is on implications of these for interpretation of gene-by-environment interaction.
Confounding of genotype-environmentally modifiable risk factor-disease associations
The power of Mendelian randomization lies in its ability to avoid the often substantial confounding seen in conventional observational epidemiology. However, confounding can be reintroduced into Mendelian randomization studies and when interpreting the results, this possibility needs to be considered. First, it is possible that the locus under study is in linkage disequilibrium-i.e., is associated-with another polymorphic locus, with the former being confounded by the latter. It may seem unlikely, given the relatively short distances over which linkage disequilibrium is seen in the human genome, that a polymorphism influencing, for instance, CHD risk, would be associated with another polymorphism influencing CHD risk (and thus producing confounding). There are, nevertheless, examples of different genes influencing the same metabolic pathway being in physical proximity. For example, different polymorphisms influencing alcohol metabolism appear to be in linkage disequilibrium [87] .
Second, Mendelian randomization is most useful when it can be used to relate a single intermediate phenotype to a disease outcome. However, polymorphisms may (and probably often will) influence more than one intermediate phenotype, and this may mean they proxy for more than one environmentally modifiable risk factor. This pleiotropy can be generated through multiple effects mediated by their RNA expression or protein coding, through alternative splicing, where one polymorphic region contributes to alternative forms of more than one protein [88] , or through other mechanisms. The most robust interpretations will be possible when the functional polymorphism appears to directly influence the level of the intermediate phenotype of interest, but such examples are probably going to be less common in Mendelian randomization than in cases where odds ratio . the polymorphism could in principle influence several systems, with different potential interpretations of how the effect on outcome is generated. Linkage disequilibrium and pleiotropy can reintroduce confounding and thus reduce the potential value of the Mendelian randomization approach. Genomic knowledge may help in estimating the degree to which these are likely to be problems in any particular Mendelian randomization study, through, for instance, explication of genetic variants that may be in linkage disequilibrium with the variant under study, or the function of a particular variant and its known pleiotropic effects. Furthermore, genetic variation can be analyzed in relation to measures of potential confounding factors in each study and the magnitude of such confounding estimated. Empirical studies to date suggest that common genetic variants are largely unrelated to the behavioural and socioeconomic factors considered to be important confounders in conventional observational studies [24] . However, relying on measurement of confounders does, of course, remove the central purpose of Mendelian randomization, which is to balance unmeasured as well as measured confounders.
In some circumstances, the genetic variant will be related to the environmentally modifiable exposure of interest in some population subgroups but not in others. The alcohol, ALDH2 genotype and blood pressure association affecting men but not women, discussed earlier, is an example of this. If ALDH2 genetic variation influenced blood pressure for reasons other than its influence on alcohol intake, for example, if it was in linkage disequilibrium with another genetic variant that influenced blood pressure through another pathway or if there was a direct pleiotropic effect of the genetic variant on blood pressure, the same genotype-blood pressure association should be seen among both men and women. If the genetic variant only influences blood pressure through its effect on alcohol intake, an effect should only be seen in men, which is what is observed. This further strengthens the evidence that the genotype-blood pressure association depends upon the genotype influencing alcohol intake and that the associations do indeed provide causal evidence of an influence of alcohol intake on blood pressure.
In some cases, it may be possible to identify two separate genetic variants, which are not in linkage disequilibrium with each other, but which both serve as proxies for the environmentally modifiable risk factor of interest. If both variants are related to the outcome of interest and point to the same underlying association, then it becomes much less plausible that reintroduced confounding explains the association, since it would have to be acting in the same way for these two unlinked variants. This can be likened to RCTs of different blood pressure-lowering agents, which work through different mechanisms and have different potential side effects. If the different agents produce the same reductions in cardiovascular disease risk, then it is unlikely that this is through agent-specific (pleiotropic) effects of the drugs; rather, it points to blood pressure lowering as being key. The latter is indeed what is in general observed [89] . In another context, two distinct genetic variants acting as instruments for higher body fat content have been used to demonstrate that greater adiposity is related to higher bone mineral density [63] . With the large number of genetic variants that are being identified in genome wide association studies in relation to particular phenotypes-e.g., [50 independent variants that are related to height;[90 that are related to total cholesterol and [20 related to fasting glucose-it is possible to generate many independent combinations of such variants and from these many independent instrumental variable estimates of the causal associations between an environmentally modifiable risk factor and a disease outcome. The independent estimates will not be plausibly influenced by any common pleiotropy or LDinduced confounding, and therefore if they display consistency this provides strong evidence against the notion that reintroduced confounding is generating the associations.
Special issues with confounding in studies of gene-by-environment interactions
It must be recognized that gene-by-environment interactions interpreted within the Mendelian randomization framework as evidence regarding the causal nature of environmentally modifiable exposures are not protected from confounding to the same extent as main genetic effects. In the ADH1B/alcohol/head and neck cancer example, any factor related to alcohol consumption-such as smoking-will tend to show greater association with head and neck cancer within the more rapid alcohol metabolizers, because smokers are more likely to drink alcohol and alcohol drinking interacts with ADH1B genotype in determining head and neck cancer risk. Because there is not a 1-to-1 association of smoking with alcohol consumption, this will not produce the quantitative interaction of essentially no effect of the genotype amongst never drinkers and an effect in the other drinking stratum, but rather a qualitative interaction of a greater effect in the smoking groups amongst whom alcohol consumption is more prevalent and a smaller, but still evident, effect in the non-smoking group amongst whom alcohol consumption tends to be less prevalent. This is indeed what is seen (Fig. 7) . Situations in which both the biological basis of an expected interaction is well understood and in which a qualitative (effect vs. no effect) interaction may be postulated are the ones that are most amenable to interpretations with respect to the causal nature of the environmentally modifiable risk factor.
Non-linear associations
Mendelian randomization is most powerful when examining linear exposure-disease associations, such as those between circulating cholesterol levels and coronary heart disease. For possible non-linear associations-such as have been suggested for alcohol intake and CHD-the situation may be more complex. First, the observed non-linear associations (U-shaped in the case of alcohol and coronary heart disease in many studies) may reflect confounding and bias, as discussed above. The suggested linear effects from a Mendelian randomization study may be the correct one. Second, it is possible to use single genetic variants or combinations of variants to define the proportion of individuals in a range of alcohol intake groups (from none to high) and investigate non-linear associations in this way. For example, a very large proportion of individuals homozygous for the ALDH2 null variant are non-drinkers, and if there was truly an elevated risk of coronary heart disease among non drinkers compared to moderate alcohol consumers this group would be expected to be at higher risk than heterozygotes.
Canalization and developmental stability
Perhaps a greater potential problem for Mendelian randomization than reintroduced confounding arises from the developmental compensation that may occur through a polymorphic genotype being expressed during foetal or early post-natal development and thus influencing development in such a way as to buffer against the effect of the polymorphism. Such compensatory processes have been discussed since Waddington introduced the notion of canalization in the 1940s [90] . Canalization refers to the buffering of the effects of either environmental or genetic forces attempting to perturb development and Waddington's ideas have been well developed both empirically and theoretically [91] [92] [93] [94] [95] [96] [97] . Such buffering can be achieved either through genetic redundancy (more than one gene having the same or similar function) or through alternative metabolic routes, where the complexity of metabolic pathways allows recruitment of different pathways to reach the same phenotypic endpoint. In effect, a functional polymorphism expressed during foetal development or post-natal growth may influence the expression of a wide range of other genes, leading to changes that may compensate for the influence of the polymorphism. Put crudely, if a person has developed and grown from the intrauterine period onwards within an environment in which one factor is perturbed (e.g., there is elevated cholesterol levels due to genotype) then they may be rendered resistant to the influence of life-long elevated circulating cholesterol, through permanent changes in tissue structure and function that counterbalance its effects. In intervention studies-for example, RCTs of cholesterol-lowering drugs-the intervention is generally randomized to participants during their middle age; similarly, in observational studies of this issue, cholesterol levels are ascertained during adulthood. In Mendelian randomization, on the other hand, randomization occurs before birth. This leads to important caveats when attempting to relate the findings of conventional observational epidemiological studies to the findings of studies carried out within the Mendelian randomization paradigm.
In some Mendelian randomization designs, developmental compensation is not an issue. For example, when maternal genotype is utilized as an indicator of the intrauterine environment (e.g., maternal ADH variation discussed above), then the response of the foetus will not differ whether the effect is induced by maternal genotype or by environmental perturbation and the effect on the foetus can be taken to indicate the effect of environmental influences during the intrauterine period. Also in cases where a variant influences an adulthood environmental exposure-e.g., ALDH2 variation and alcohol intakedevelopmental compensation to genotype will not be an issue. In many cases of gene-by-environment interaction interpreted with respect to causality of the environmental factor, the same applies, since development will not have occurred in the presence of the modifiable risk factor of interest and thus developmental compensation will not have occurred.
Lack of suitable genetic variants to proxy for exposure of interest An obvious limitation of Mendelian randomization is that it can only examine areas for which there are functional polymorphisms (or genetic markers linked to such functional polymorphisms) that are relevant to the modifiable exposure of interest. In the context of genetic association studies, it has been pointed out more generally that in many cases, even if a locus is involved in a disease-related metabolic process, there may be no suitable marker or functional polymorphism to allow study of this process [98] . In an earlier paper on Mendelian randomization [17] , we discussed the example of vitamin C, since observational epidemiology appeared to have got the wrong answer regarding associations between vitamin C levels and disease. We considered whether the association between vitamin C and CHD could have been studied utilizing the principles of Mendelian randomization. We stated that polymorphisms existed that had been related to lower circulating vitamin C levels-for example, in the haptoglobin gene [99] -but in this case the effect on vitamin C was not direct and these other phenotypic differences could have an influence on CHD risk that would distort examination of the influence of vitamin C levels through relating genotype to disease. SLC23A1-a gene encoding for the vitamin C transporter SVCT1, which is involved in vitamin C transport by intestinal cells-was an attractive candidate for Mendelian randomization studies. However, by 2003 (the date of the earlier paper), a search for variants had failed to find any common SNP that could be used in such a way [100] . We therefore used this as an example of a situation where suitable polymorphisms for studying the modifiable risk factor of interest could not be located. However, since the earlier paper was written, functional variation in SLC23A1 has been identified that is related to circulating vitamin C levels [59] . This example is used not to suggest that the obstacle of locating relevant genetic variation for particular problems in observational epidemiology will always be overcome, but to point out that rapidly developing knowledge of human genomics will identify more variants that can serve as instruments for Mendelian randomization studies.
Conclusions
Mendelian randomization is not predicated on the assumption that genetic variants are major determinants of health and disease within or between populations. There are many cogent critiques of genetic reductionism and the over-selling of ''discoveries'' in genetics that reiterate obvious truths so clearly (albeit somewhat repetitively) that there is no need to repeat them here [101] [102] [103] [104] . Mendelian randomization does not depend upon there being ''genes for'' particular traits, and certainly not in the strict sense of a gene ''for'' a trait being one that is maintained by selection because of its causal association with that trait [105] . The association of genotype and the environmentally modifiable factor that it proxies for will be like most genotype-phenotype associations, one that is contingent and cannot be reduced to individual level prediction, but within environmental limits will pertain at a group level [106] . This is analogous to an RCT of antihypertensive agents, where at a collective level the group randomized to active medication will have lower mean blood pressure than the group randomized to placebo, but at an individual level many participants randomized to active treatment will have higher blood pressure than many individuals randomized to placebo. It is group level differences that create the analogy between Mendelian randomization and RCTs.
Finally, the associations that Mendelian randomization depend upon do need to pertain to a definable group at a particular time, but do not need to be immutable. Thus, ALDH2 variation will not be related to alcohol consumption in a society where alcohol is not consumed; the association will vary by gender, by cultural group and may change over time [107, 108] . Within the setting of a study of a well-defined group, however, the genotype will be associated with group-level differences in alcohol consumption and group assignment will not be associated with confounding variables.
Nutrition contributes importantly to population health, but the tools of nutritional epidemiology have proved fallible and led to misleading findings. Mendelian randomization offers one way in which the exciting developments in molecular genetics can help improve our understanding of nutritional determinants of population health. This approach is clearly distinct from the usual nutrigenomics approaches that promise personalized interventions tailored to individual genomes, but perhaps it offers at least as much in terms of ultimately identifying ways in which health can be improved. Use must be made of the optimal observational data for understanding the potential effects of interventions. Mendelian randomization approaches can help identify the most promising nutritional candidates for formal evaluation within randomized controlled trials of dietary manipulation, which must be carried out before such findings are considered ready for implementation. In this way, genetic epidemiology can be linked with conventional epidemiology, and in turn with intervention research, in a truly translational fashion.
